Abstract: We propose a 3-D adaptive loading algorithm (ALA), which can individually allocate proper modulation formats, power levels, and the forward error correction codes to each orthogonal frequency division multiplexing (OFDM) subcarrier according to the estimated channel state information (CSI). The introduced look-up table operation can reduce the iterations and improve the convergence speed. To evaluate the performance of the proposed algorithm, we tailor the system parameters of direct detection optical OFDM (DDO-OFDM) to investigate the difference of effective data rate (EDR) between fixed schemes and proposed adaptive modulation and coding (AMC) schemes. When the fiber length is set to 90 km and received optical power (ROP) is −10 dBm in simulation, the AMC scheme achieves 7.86 Gb/s EDR, which is 1.93 times of the maximum EDR the fixed schemes can achieve under the bit error rate (BER) constraint. Compared with the Levin−Campello algorithm, the 3-D ALA improves about 3% and 6% data rates in poor and good CSI, respectively. In experiments, when the fiber length and ROP are 50 km and −18 dBm, respectively, the AMC scheme achieves the EDR of 4.96 Gb/s, which is 2.84 times of the maximum EDR of the fixed schemes under the BER constraint.
Three-Dimensional Adaptive Modulation
and Coding for DDO-OFDM Transmission System
Introduction
Benefiting from lots of inherent advantages such as superior resistance to dispersion, high spectral efficiency, and dynamic bandwidth allocation, optical orthogonal frequency division multiplexing (O-OFDM) has attracted significant attentions from the optical communication community in last decade [1] - [7] . Compared with coherent optical OFDM (CO-OFDM), DDO-OFDM is preferred in short-reach optical communication systems thanks to its system simplicity and cost efficiency. However, severe signal deteriorations occur especially in cost-sensitive short-range interconnections where cheap components with narrow bandwidth are widely deployed. Due to various impairments like bandwidth limitation in DAC/ADC, non-linear distortion arisen from the electrical power ampli-fication and electro-to-optic modulation, fiber dispersion and fiber nonlinearity, the signal-to-noise ratio (SNR) of each subcarrier may vary significantly across the OFDM spectrum [2] - [5] , degrading overall transmission performance. To address these issues, a widely adopted solution is to apply 1-D or 2-D adaptive loading algorithms (ALA) [4] , [5] , [8] - [12] , which can adjust the power level and/or modulation formats allocated to the subcarriers so as to fully use the channel capacity under the non-ideal channel state. According to the loaded parameters, the ALAs can be generally divided into bit loading (BL) [9] , power loading (PL) [10] , and bit-and-power loading (BPL) [8] , [11] , [12] , which assign individual modulation formats, individual electric power levels and both of them to each subcarrier, respectively. In order to achieve the water-filling based optimal or suboptimal results, massive iterations are introduced thus the complexity of implementation is quite high, but considering practical application, the ALA should be simplified to speed up the rate of convergence. In addition, a similar approach to compensate SNR imbalance is to apply different forward error correction (FEC) codes to each subcarrier so that the transmission performance in poor subchannels can be improved [6] , [13] . Nevertheless, we rarely found an ALA that combines adaptive FEC and BPL in optical OFDM system before we reported the 3-D ALA [2] . The combination of modulation formats and FEC codes in this form is also called bit-interleaved coded modulation (BICM) [14] . Though the general idea and limited simulation results of 3-D ALA have been presented in [2] , the intensive evaluation and thorough comparisons of the 3-D ALA have not been analyzed.
In this paper, we propose and evaluate a 3-D ALA which can allocate diverse modulation formats, power levels, and FEC codes to each subcarrier in DDO-OFDM systems using the knowledge of estimated subchannel SNR. A new introduced degree of freedom, FEC codes, will provide more realistic allocation results to deal with consecutive variation of SNR, thus, the transmission rate can be further enhanced. To prove this, various comparisons between Levin-Campello (LC) [11] ALA and 3-D ALA are performed. However, the complexity would increase if the 3-D ALA is employed. To solve this problem, we introduce a LUT operation to notably reduce the iterations and ensure rapid yet efficient allocation. The proposed ALA upgrades the bits and FEC codes for each subcarrier along with power loading by a procedure which is similar to Hughes-Hartogs algorithm [12] . Therefore, the proposed ALA can theoretically achieve optimal performance based on given modulation formats and FEC codes with low complexity. Note that the objective of the proposed ALA is to realize rate adaptation (RA) [15] , which means to maximize the total channel data rate with a total transmitting power constraint. Margin adaptation (MA), the other class of ALA to achieve the minimum overall transmit power under the constraints on the signal rate or bit error rate (BER), will not be discussed in this paper.
We perform the proposed ALA for DDO-OFDM systems based on 4 types of QAM modulation formats (2-, 4-, 8-, and 16-QAM) and two typically used hard-decision FEC codes (RS (255,223) and RS (255,239)). Soft-decision FEC codes, like low-density parity check (LDPC) codes, are not used in this paper due to the uncertain relationships between pre-FEC BER and post-FEC BER for different modulation formats [16] . The system parameters including ROP, fiber length, and filter bandwidth, are varied in simulation system to examine the performance of the proposed ALA with power and bandwidth limited scenarios. The results are also confirmed by experiments showing that AMC schemes achieve better EDR than all the fixed schemes at all measured points under the BER constraints.
The rest of this paper is organized as follows. In Section 2, the general principle of the proposed ALA is presented. Section 3 identifies some specific details of the proposed ALA in practical implementations. In Section 4, we construct a DDO-OFDM simulation system and compare the performance between AMC schemes and fixed schemes with various system parameters. In addition, the influence of SNR margin is extensively discussed. In Section 5, the 3-D ALA is compared with 2-D ALA. Then in Section 6, experimental validation using the identical model of simulation is performed. Finally, we present conclusions in Section 7.
Principle of the Proposed Adaptive Loading Algorithm
The main principle is based on the fact that BER can be predicted from SNR under certain modulation formats and FEC codes in a given channel [13] , [17] , [18] . Thus, with the constraints of target BER and the total transmitting power, the results of loading can be obtained with known SNR distribution. The details of the proposed ALA are discussed as follows.
Construct Look-Up Table and Initial Allocation
The LUT builds the relationship between the maximum data rate schemes and corresponding SNR thresholds under the target BER constraint, which is used for initial allocation.
Assuming there are V = A × D coded modulation schemes, called modes below for simplicity, where A and D denote the available number of modulation formats and FEC codes, respectively. Define M a (a = 1, 2, ..., A) as the order of modulation formats, r d (d = 1, 2, ..., D) as the code rate of FEC codes, and R s as the fixed symbol rate. The information bit rate for a certain mode (M a , r d ) can be calculated as
Sort R b,ad by the ascending order of R b,v (v = 1, 2, ..., V), where
The functional relationship between bit error probability P b,v and SNR can be expressed by
The inverse of (3) is
Substitute the target BER (P b,target ) into (4), the SNR thresholds of all the modes, SNR th,v , can be obtained. In order to establish optimal correspondence between SNR and modes, all the modes v n meet the conditions of 
will be removed from the LUT. But the locally optimal relationships may not be globally optimal for iteration in all situation, which is related to the convex-concave feature of modes distribution [19] . Even for greedy approach based LC ALA, the relationship must be monotonic and concave to ensure globally optimum [20] . In the investigation, we find that if the functional relationships between information bits per symbol of modes and SNR thresholds are concave, the loading results perform better. So, some modes may be dropped to realize concave functional relationships. Lastly, there are V p (V p ≤ V ) relationships between modes index v and SNR th,v , and the specific modulation formats and FEC codes can be obtained by inverse (2) .
The kth mode will be allocated to the i th OFDM subcarrier when
The subcarriers of which SNR is less than the minimum SNR threshold will be dropped.
Power Loading and Iterative Upgradation
Note that the initial allocation does not adjust the power of each subcarrier except the dropped subcarriers. In addition, SNR i is regularly larger than SNR th,k i where k i denotes the initial allocated mode index of the i th subcarrier. Thus, considering the fixed power constraint, there are some superfluous power from initial conservative allocation, which can be used for further upgrading. In such circumstances, iterative process is introduced to optimize mode allocation, which is similar to Hughes-Hartogs algorithm, as described below.
Superfluous Power Calculation:
There are two parts that generate superfluous power, of which one is from dropped subcarriers, and the other is from initially allocated data subcarriers. The power of the former is completely recycled, and of the latter comes from the interval between SNR i and SNR th,k i , since the SNR thresholds of each mode are theoretically the least SNR to reach target BER.
Considering the definition of SNR (in dB) SN R = 10 log 10 P N
where P and N denote the power of signal and noise, respectively. For i th data subcarrier, the superfluous power is expressed by
assuming N i is constant, which is reasonable in slowly varying channels. P i is the original power of the i th subcarrier. Therefore, the total superfluous power can be written as
where N sc and N d denote the number of activated data subcarriers and dropped subcarriers, respectively. i n and j m denote the indices of data subcarriers and dropped subcarriers, respectively.
Iterative Power Allocation:
In order to maximally utilize the superfluous power to enhance the data rate, the iterative process is introduced. Due to the fact that all the modes are discretely distributed, we define a metric function as
where
.., V p − 1. R v and P i v represent the information bit rate gain and relevant power requirement of i th subcarrier from v th to (v + 1) th mode, respectively. P i and P r ,i are the original transmit power and the redundant power of i th subcarrier, respectively. Obviously, subcarriers with the largest M u,i v will be upgraded with priority due to its higher power utilization efficiency. Since there are only V p optional modes in LUT, the subcarriers allocated with V p th mode would not be upgraded. For a better comprehension, the iterative process is expressed by the below pseudocode. 1) Calculate each data subcarrier metric function except ones allocated with V p th mode.
Step 6. Else, find k subject to g k = t, and go to Step 4. 4) If P k > P r ,total , t = t + 1 and go to Step 3. Else, go to Step 5.
Implementation of the Proposed Adaptive Loading Algorithm
In order to implement the proposed algorithm in practical scenario, several details need to be specified. Note that compared with other 8-QAMs [21] , standard 8-QAM is chosen for the explicit expression between SNR and BER.
Variable-Rate FEC Codes
For certain relationships between pre-FEC BER and post-FEC BER regardless of modulation formats and extensive use, two Reed-Solomon (RS) codes, RS (255, 239) and RS (255, 223), are selected in this paper. When M = 2, 4, 8, the RS codes are shortened to fit the designed OFDM signal sequence. The details of FEC codes for different modulation formats are shown in Table 1 . Assuming independent errors and no decoding failures, the theoretical relationships between the pre-FEC BER (P b,i n ), and post-FEC BER (P b,out ), can be calculated [18] , as shown in Fig. 2 . 
The Functional Relationships Between SNR and BER
For the specific expression of (3), considering a condition without using FEC code, the approximate BER for rectangular QAM under an AWGN channel with Gray mapping can be expressed by [17] 
where I and J denote the amplitude level numbers of in-phase and quadrature components, respectively. γ = E b /N 0 denotes the SNR per bit, and erfc(·) is the complementary error function, which is defined as
The P b calculated by (11) can be regarded as P b,i n , which can be used to derive P b,out , the BER for FEC coded schemes. The relationship curve between SNR and BER is presented in Fig. 3 . As relationships between SNR and BER for all modes are obtained, the LUT can be constructed with a target BER and a certain channel. For example, when the target BER is set to 10 −5 under an AWGN channel, with the parameter used in the simulation and experiment, the information bits per symbol (IBPS) of locally optimal modes versus under the linear scale unit SNR are shown in Fig. 4(a) , where I B PS = r d log 2 (M a ). In order to achieve concave relationship between IBPS and SNR thresholds, the modes of 4QAM-Uncoded and 8QAM-RS (192,176) are abandoned, which means the LUT2 is adopted to conduct simulation and experiment. For the clarity, all the modes are shown in Fig. 4(b) , where solid lines mean adopted modes and dash lines mean abandoned modes. The SNR thresholds are found by method of bisection, which is more accurate than curve fitting method used in [2] .
SNR Estimation
In order to apply AMC schemes, the CSI should be accurately evaluated. In DDO-OFDM systems, SNR per subchannel/subcarrier is the most important figure of merit to represent the CSI, which can be estimated using training symbols (TSs) with different methods [7] . During this work, we choose the definition based approach to accomplish SNR estimation. Considering the received signal of kth subcarrier can be expressed by
where H k , c k , and n k are the channel transfer function, transmitted signal, and noise of kth subcarrier, respectively. Thus, according to the definition, the SNR of kth subcarrier is calculated by
where H k denotes the estimated channel transfer function, E [·] denotes expectation operation. Due to the inaccuracy of channel estimation, H k is not completely equal to H k , which will cause SNR degradation to some extent. To increase the estimation accuracy, we sent multiple TSs in time domain to average the channel function estimated by least square (LS) method.
SNR Margin
If the noise distribution in optical fiber transmission system is not necessarily Gaussian, the prediction of BER using SNR by (11) will not very precise. In order to enhance the robustness of our proposed ALA, the SNR margin μ is introduced to all modes, thus, the SNR threshold for mode v can be expressed by
which is similar to [13] .
Simulation and Analysis
To examine the performance of the proposed ALA, we built a co-simulation system with VPI TransmissionMaker 9.1 and MATLAB. The numerical simulation model of DDO-OFDM transmission system is shown in Fig. 5 . System design parameters are summarized in Table 2 .
In the transmitter, the OFDM baseband signal is generated by the MATLAB program. The original data is generated from pseudorandom binary sequence (PRBS). Parallel data are converted from original serial data to apply FEC codes individually to each data subcarrier without interleaving and then mapped to specific modulation formats. Identical FEC codes and modulation formats are used in fixed OFDM schemes for all data subcarriers, while they may be variable in AMC OFDM schemes. The OFDM signal is transmitted by frame. Each OFDM frame includes six TSs and 30 payload data symbols. TSs are inserted at the beginning of each OFDM frame, in which one is used for frame synchronization and others are used for channel estimation. In order to generate real-value OFDM signal, Hermitian symmetry must be ensured and the DC subcarrier is zero padded. Time-domain signal is generated by an IFFT operation of 128 points. Thus, the maximum available number of data subcarriers is 63. Before P/S, 13 CPs are inserted to each OFDM symbol to eliminate inter-symbol interference (ISI) introduced by channel dispersion. The digital OFDM baseband signal is sampled by an 8-bit digital-to-analog converter (DAC) at 6.25 GSa/s sampling rate in AWG. In order to eliminate out-of-band signal, the converted signal is low-pass filtered by an electrical filter before amplification. Then, the electrical signal is transformed to the optical carrier by MZM intensity modulation. After SMF transmission, the optical signal is firstly pre-amplified by an EDFA, and then filtered by a tunable optical filter to suppress the out-of-band noise. Subsequently, the electrical OFDM signal detected by PD is converted by an 8-bit analog-todigital converter (ADC) at 25 GSa/s sampling rate in DSO. Considering a complete data sequence includes 510 OFDM symbols, 17 OFDM frames need to be stored in one receiving process, which means at least 14 μs signal need to be recorded for offline digital signal process (DSP). And 10 sequences are processed for each BER calculation.
In the receiver DSP, the OFDM signal is firstly filtered by digital FIR filter and down-sampled to baseband signal. Then, timing synchronization, S/P conversion, CP removal, FFT operation, channel estimation and equalization are successively conducted to recover the data. Then, according to the mapping and FEC coding rules in the transmitter, the binary data of each subcarrier will be obtained via demodulation and FEC decoding. Meanwhile, the SNR and BER of each subcarrier are calculated by the reported methodologies. For fixed OFDM schemes, the total transmission only needs to be performed once. For AMC OFDM schemes, the objective of the first transmission is to extract the CSI. After that, the second transmission will proceed with individual allocation of modulation formats, power levels, and FEC codes for each subcarrier by the proposed ALA. Generally, the AMC OFDM schemes will flexibly adapt to the variation of the channel.
To compare the performance between AMC OFDM schemes and fixed OFDM schemes, we change several parameters of the transmission system to view the difference. Note that the target BER is set to 10 −5 for the convenience of comparison and measurement in Monte-Carlo simulation, which would not influence the conclusion about the proposed ALA.
Received Optical Power
We adjust the VOA to monitor the ROP of PD. The total BER is defined as (16) where B e, n and B t,n denote the error bits and total bits of nth subcarrier, respectively. The relationship between the total BER and ROP is shown in Fig. 6(a) , and the BER reaching zero is not presented in the figure. It is clear that the BER decreases as the ROP increases for all fixed schemes, and error floor arises at high ROP for uncoded schemes. But the BER of AMC schemes fluctuates in a certain range except for high ROP. It is reasonable that the BER of AMC schemes is above the target BER when the margin is set to 0 dB, because the noise distribution in such optical fiber communication system is not completely Gaussian, and the degradation of ALA performance at high ROP is due to the inherent signal-signal beat interference (SSBI) in directly detection of DSB-OFDM [22] . In addition, the distribution of SSBI changes with the power loading results of ALA, which also contributes to non-Gaussian noise distributions. In order to satisfy the target BER, the margin should be increased to nearly 2 dB to reach the target BER at the ROP of −9 dBm.
To compare the capacity of the schemes that satisfy the BER constraint, we define the EDR as
where r CP = CP/(N f ft + CP ) and r TS = L TS /L f denote the ratio of CP and TS occupied in a single OFDM frame, respectively. R s denotes the AWG sample rate. N fft and CP are the FFT points and cyclic prefix points, respectively. L TS and L f are the TS number and frame length, respectively. B E R n , r c,n , and M n denote the bit error rate, code rate and modulation order of the nth data subcarrier, respectively. The corresponding results are shown in Fig. 6(b) , in which the points beyond the BER limit do not display. Different from the almost constant EDR of fixed schemes, the EDR of AMC schemes increases as ROP increases. Furthermore, the EDR of AMC schemes is completely larger than all fixed schemes at all ROP. When ROP is −14 dBm, the EDR of AMC scheme with 1 dB margin achieves 7.84 Gb/s, which is 1.93 times of the max fixed scheme under the BER constraint. Besides, we observe that the maximum data rate for all AMC schemes is almost identical, even though ROP increases. Such phenomenon can be explained by the limit of non-Gaussian noise distribution at high SNR and the highest modulation order exists in LUT, which can also be observed in the following.
Fiber Length
In order to check the ALA's resistance to channel fading introduced by chromatic dispersion, we keep the ROP at −10 dBm and increase fiber length to measure the BER and EDR variations. The BER variations of fixed schemes and AMC schemes reveal different tendency. As fiber length increases, the BER of fixed schemes increases but the BER of AMC schemes decreases as depicted in Fig. 7(a) . We note that the BER of AMC schemes exceeds the BER limit until the margin increased to nearly 2 dB at 30 km. For the same reason, the non-Gaussian noise plays a dominant role at high SNR and makes the SNR thresholds not precise.
It is clear that the EDR drops significantly with the increase of fiber length for fixed schemes and AMC schemes. However, the EDR of AMC schemes is still higher than fixed schemes at all measured points. At the fiber length of 90 km, the EDR of AMC scheme with 1 dB margin achieves 7.86 Gb/s, which is 1.93 times of the maximum EDR of fixed scheme under the BER limit. We can also observe the limitation of the max-EDR at shorter fiber length (high SNR scenario).
Filter Bandwidth
For the purpose of reducing the influence of non-Gaussian noise distribution, based on the result presented in A and B, we set the fiber length to 50 km, the ROP to −10 dBm and change the bandwidth of electrical LPF to observe the difference. In the simulation, we adopt 5 order Bessel filter as the LPF and define the filter bandwidth factor as the ratio of filter bandwidth to the OFDM baseband bandwidth. As shown in Fig. 8 , it is clear that the BER of AMC schemes fluctuates in a certain range and drops overall with the increase of margin. When the margin is set to 2 dB, the BER of AMC schemes meets the BER limitation. However, the fixed schemes need to satisfy special bandwidth condition to reach the points below the target BER. Benefited from flexible bandwidth allocation, the proposed ALA will drop some subcarriers with poor SNR, and assign more power to subchannels with good condition to enhance the total data rate. When the filter bandwidth factor is set to 0.4, emulating a severely bandwidth limited channel, all the fixed schemes cannot satisfy the BER condition, but the EDR of AMC scheme with 2 dB margin still achieves 6.57 Gb/s, which shows the ability of the proposed ALA to resist bandwidth variation. With the increase of filter factor, the EDR of the AMC scheme with 2 dB margin stably arises from 6.57 Gb/s to 8.89 Gb/s.
In order to view the details of the allocation results, we plot the bits per symbol (BPS), power, and code rate of each subcarrier in Fig. 9(b) , when the filter bandwidth factor is 0.5 and the SNR margin is 2 dB. Due to the system frequency response roll-off effect, 16QAM (4 bits) and 4QAM (2 bits) are allocated to low-frequency and high-frequency subcarriers, respectively. 2QAM (1 bit) and 8QAM (3 bits) do not appear in the final results since the upgrading process along with power loading discarded them. The 58th and the 60th to 63th subcarriers are abandoned for poor SNR. It can be seen that, when BPS and FEC are constant, the power generally increases as subcarrier index increases, which continues until the change of either BPS or FEC codes. Besides, the subcarriers which are allocated the same modulation formats and FEC codes will roughly achieve the same SNR, as observed in Fig. 9(a) . The estimated SNR is generally above the predicted SNR by 2 dB, which agrees well with the SNR margin we set.
Comparisons Between 3-D ALA and 2-D ALA
The 2-D ALAs have been widely used in wired and wireless multicarrier systems, and there are already many famous loading algorithms, like Hughes-Hartogs, Chow, and LC. For a clearer illustration, we choose the rate adaptive version of LC ALA as the object of comparison to reflect the advantages brought by the 3-D ALA. The same FEC coding schemes are applied for all the subcarriers and operational modulation formats are identical to 3-D ALA. As mentioned before, for the sake of compatibility with the designed OFDM frames, two RS codes are shortened for all the modulation formats except 16QAM. That is, the LUT depicted in Fig. 4 is not suitable for the comparison with 2-D algorithms. Therefore, we reconstruct the LUT in which FEC codes are not shortened with the same method presented in Section 2. The new constructed LUT is shown in Fig. 10 .
To clearly view the loading performance, the sub-channels are assumed to be AWGN with SNR variation identical to conventional schemes shown in Figs. 6-8 , and the SNR margins are set to 0 dB for both LC ALA and 3-D ALA. The data rates that two ALAs achieve are shown in Fig. 11 , where the data rate is defined as
As depicted in Fig. 11 , the tendency of data rate increase is similar. As for LC ALA, the FEC coded schemes obviously outperform the uncoded one at most of points except ones in superior CSI. And the low code rate one, i.e., LC-RS (255,223), performs better in low SNR scenario, when ROP is −18 dBm to −16 dBm shown in Fig. 11(a) , and fiber length equals to 110 km shown in Fig. 11(b) . However, the data rate of the high code rate one, LC-RS (255,239), grows faster. Both the FEC coded LC schemes have maximum data rate limits due to the constraint of maximum modulation formats, and LC-RS (255,223) reaches the limit, 8.14 Gb/s, earlier than LC-RS (255,239), of which limit is 8.72 Gb/s. The data rate of LC-Uncoded keeps rising, despite it being slowly, until breaking the limits of coded ones in superior CSI. However, the data rate of 3-D scheme not only keeps increasing but also outperforms all the LC schemes in all measured points, and the data rate limit of 3-D ALA is the same as LC-Uncoded, 16 QAM for all the subcarriers. When the channel is in poor environment, the reason why 3-D scheme performs better than LC schemes is the more elaborate control of modes. As shown in Fig. 11(a) , the 3-D scheme achieves 4.86 Gb/s in −18 dBm, while the LC-RS (255,223) achieves 4.72 Gb/s. The data rate improves nearly 3%. As shown in Fig. 11(b) , when the fiber length increases to 110 km, the data rate of 3-D and LC-RS (255,223) are 6.96 Gb/s and 6.82 Gb/s, respectively. The improvement is about 2%, and when the filter factor equals to 0.4 in Fig. 11(c) , the data rates of 3-D and LC-RS (255,239) are 7.12 Gb/s and 6.92 Gb/s, respectively, so the improvement is about 2.9%. Although in the high SNR scenario shown in Fig. 11 , both LCUncoded and 3-D ALA schemes achieve the higher data rate limit, the 3-D ALA scheme outperforms the LC-Uncoded counterpart for most applied parameters, which means that the LC-Uncoded is less preferable in practical applications. The improvements of data rates between 3-D scheme and LC-RS(255,239) scheme are about 6.6%, 6.7%, and 6%, in −9 dBm ROP, 30 km fiber length, and 1 filter factor, respectively. Though the improvement is limited, the feasibility of further enhancing capacity compared to LC ALA, the optimal discrete loading algorithm with identical granularity [20] , is proved. By using more powerful FEC codes and optimizing system configuration, we believe significant improvements can be achieved.
We also compare the computation complexity of 3-D ALA and LC ALA. In order to clearly show the difference, we take the required iterations, exclude the search for extremums, in iterative allocation as the evaluation index. As shown in Fig. 12 , the LUT operation takes obvious effect in the reduction of iterations. At the most of measured points, the 3-D ALA consumes much less loop numbers compared with LC ALAs. The reductions of loop numbers between 3-D ALA and the LC scheme with maximum data rate are about 311%, 363%, and 264% in −9 dBm ROP, 30 km fiber length, and one filter factor, respectively. Though LC-Uncoded outperforms 3-D ALA at the points of low ROPs, 3-D ALA achieves at least 46% higher data rate than LC-Uncoded at those points. In addition, the tendency of loop number variation for LC ALAs is the same as data rate, while it is different for 3-D ALA. Benefited from the LUT operation, the initial allocation of 3-D ALA is quite closed to the final allocation, especially in superior channel state, which means less iterations are needed in iterative upgradation procedure, but the LC ALA generally starts from the minimum order of modes for all subcarriers and allocates more bit one by one to the specific subcarrier. Thus, if the channel state becomes better, more iterations are consumed to allocate more bits. It should be noted that the loading results of 3-D ALA are influenced by the LUT. By optimizing the combination of modulation formats and FEC codes, both higher data rate and low complexity can be achieved, which is also related to the CSI. However, for the 2-D ALA, the only optimized dimension is modulation formats when the FEC code is constant. Meanwhile, the complexity remains quite high. The limitations of 2-D ALAs mean less applications can be meet to realize superior performance. In some sense, LC ALA is a special case of 3-D ALA, where the modes only use identical FEC codes. According to the comparison results, our proposed LUT based 3-D ALA scheme has lower complexity but better capacity performance than LC ALA schemes.
Experimental Results and Discussions
We examined the feasibility of the proposed ALA in practical DDO-OFDM transmission system, the experimental setup is also depicted in Fig. 5 .
In the transmitter, the OFDM baseband signal is generated by an AWG (Tektronix AWG 7122C, operated at sampling rate of 6.25 GSa/s). The laser light emitted by an ECL (with nearly 100 kHz linewidth and 1550.99 nm center wavelength) is modulated by an optical intensity modulator (EOSpace, at the quadrature point). Though the performance can be further optimized for AMC schemes by slightly adjusting the bias point, we keep it stable for fair comparison. The optical OFDM signal with −0.7 dBm launched power is transmitted along a 50-km SSMF link. The total loss is about 10 dB and chromatic dispersion parameter for the SMF is nearly 17 ps/nm/km (without chromatic dispersion compensation). In the receiver, the optical signal is firstly pre-amplified by an EDFA (Accelink OLP-EDFA-VGA with noise figure about 5 dB, the gain is set to 20 dB) and then filtered by an OBPF (with 1550.99 nm center wavelength and 0.44 nm 0.5 dB-bandwidth) to eliminate the out-of-band noise. Lastly, the optical OFDM signal is directly detected by a PD (with 10 GHz bandwidth) and sampled by a DSO (Tektronix MSO71604C, operated at the sampling rate of 25 GSa/s). DSPs and BER counting are conducted offline. Fig. 13 shows the sampled AMC OFDM signal both in time and frequency domain when the ROP is −14 dBm. 10 data sequences are processed for BER counting at each measured point in Fig. 13(a) .
We vary the ROP to study the BER variation of fixed schemes and AMC schemes. As shown in Fig. 14(a) , the BER of fixed schemes falls with the increase of the ROP. 2QAM and 4QAM schemes can meet the 10 −5 BER constraint in the measured arrangement including coded and uncoded schemes. The coded 8QAM can also reach the target BER at high ROP. However, the BER of 16QAM schemes cannot reach 10 −5 , even at the ROP of −9 dBm. For the AMC schemes, when the SNR margin is equal to 1.5 dB or 2 dB, error-free transmission can be achieved at all measured points. If the SNR margin is not set larger enough, e.g., 1 dB, the BER of some measured points, −16 and −18 dBm, would exceed the BER limit. Besides, the EDR of the schemes satisfying the BER limit is depicted in Fig. 14(b) . It can be seen that the EDR of AMC schemes almost linearly increases with the ROP, which shows the efficiency and flexibility of the proposed ALA in practical system. The tendency agrees well with the simulation shown in Fig. 6 . The lower SNR margin is, the larger EDR can be achieved. Thus, to achieve larger EDR and simultaneously satisfy the BER limit, the margin should be elaborately set according to the practical system. When the ROP is −18 dBm, the AMC scheme with 1.5 dB margin achieves the EDR of 4.96 Gb/s, which is 2.84 times of the maximum EDR of the fixed schemes. The comparisons with 2-D ALA schemes were not conducted in the experiment since the FEC codes for the adopted LUT are not identical for different modulation formats, as described in Section 5.
Conclusion
In this paper, we propose a 3-D ALA scheme to individually allocate the modulation formats, power levels, and FEC codes for each subcarrier in DDO-OFDM system under BER constraint to maximize the EDR. The iteration complexity of the ALA is significantly reduced by the LUT operation. In simulation, we investigate the influences of ROP, fiber length, and filter bandwidth to evaluate the performance of the proposed ALA. The results show that with appropriate setting of SNR margin, the EDR of the AMC schemes is larger than that of all the available fixed schemes under the BER constraint, which is also verified by the experimental DDO-OFDM transmissions. We also compare the data rates between the 3-D ALA with LC ALA by the loading results. The 3-D ALA outperforms the LC ALA, the optimal discrete ALA with identical granularity, in all measured points with low complexity advantage. In some sense, LC ALA is a special case of the 3-D ALA. Besides, the 3-D ALA has more optimized space to enhance the data rate, like using more powerful FEC codes and optimizing the combination of modulation formats and FEC codes.
According to the theoretical basis and the results of simulation and experiment, we believe that the proposed ALA will also be suitable for applying to other multi-carrier communication systems, like coherent optical OFDM (CO-OFDM), dense wavelength division multiplexing (DWDM), etc., which means that the proposed ALA has great potential to satisfy various requirements of optical network services and applications. However, due to the existence of non-Gaussian noise, the inaccuracy of channel estimation, and the temporal variations of channel in practical systems, the SNR margin should be elaborately and adaptively set, which remains as one of our future work.
